Senescing individuals have poor survival prospects and low fecundity. They can also produce offspring with reduced survival and reproductive success. We tested the effect of parental age on the performance of descendants in the nematode Heligmosomoides polygyrus, an intestinal parasite of rodents. We found that offspring of senescing worms had reduced within-host survival and reduced egg shedding over the first month post-infection compared with offspring produced by young parents. These results suggest that declining offspring quality is a component of senescence in parasitic nematodes and might have evolutionary consequences for the optimal schedule of age-dependent investment into reproductive effort.
Introduction
Senescence refers to the progressive decline of physiological functions, leading to accelerated mortality and reproductive failure with age. Theories on the evolution of aging share the same basic assumption: the strength of selection declines with age [1] . Declining selective forces imply that accumulating deleterious mutations cannot be purged [2] , and that genes conferring benefits at late age (at the expense of early-life fitness) cannot be selected for [3] . Lifehistory models have also provided useful predictions on the onset and rate of age-associated decline in performance, depending on the pattern of resource allocation to reproduction versus maintenance [4] .
The effect of parental age on offspring performance (survival and reproduction) has been explored in several species, and in many cases old parents produce offspring of poorer quality compared with young individuals [5] [6] [7] [8] [9] . More recently, parental age has also been shown to affect gamete quality in a bird species, offering a mechanistic explanation for the observed fitness reduction of offspring produced by old parents [10] .
Declining offspring quality as parental age progresses can have profound fitness consequences for macroparasites that establish chronic infections. Poor quality offspring can fail to infect novel hosts and therefore late-produced offspring might have no contribution to parental fitness. This might have consequences for the evolution of the optimal allocation of reproductive effort over different ages [11] . Many helminth parasites establish long-term, chronic infections, implying that individual worms can live for months or even years. As with non-parasitic species, macroparasites have to cope with environmental hazards and their age-specific survival depends on both environmental and intrinsic factors. Macroparasites have declining fitness as age progresses, in terms of both reduced egg output and increased mortality (reviewed in [12] ).
We investigated the effect of parental age on the infection dynamics of offspring using the intestinal nematode Heligmosomoides polygyrus bakeri. We infected a highly tolerant strain of mice with H. polygyrus, and we harvested the larvae produced at days 15, 45, 105 and 165 post-infection to infect new hosts.
Mice were purchased from JanvierLABS, housed at the Université de Bourgogne, maintained under constant temperature (248C) and photoperiod (12 L : 12 D) , fed with standard mouse pellets ad libitum and had ad libitum access to filtered tap water. When seven weeks old, eight unrelated B6CBAF1 female mice were infected with 500 (+ 35) L3 stage larvae of Heligmosomoides polygyrus bakeri.
At days 15, 45, 105 and 165 post-infection (corresponding to worm age), we collected fresh faeces. These ages roughly correspond to different life stages of the parasite. Day 15 post-infection refers to the very early phase when adult worms have just emerged in the intestinal lumen and start to produce eggs. At day 45, infection has entered a chronic phase. We had two other evenly spaced ages (105 and 165 days). We considered that 165 days post-infection corresponds to senescing worms because previous work conducted on H. polygyrus infecting a tolerant strain of mice showed that, while at day 90 post-infection 100% of mice shed parasite eggs, by day 210, 28% of mice were no longer infected and egg shedding of infected mice had dropped by 95% [13] . L3 larvae were harvested 8 days after faeces collection. Fifty larvae (+10) for each parental age were used to infect five female CBA mice.
We used faecal egg count (at days 11, 14, 18, 20, 25, 28 postinfection) and number of adult worms in the intestine (at day 28 post-infection) as proxies of parasite fitness. We also computed the total egg production throughout the study. Further details on the protocol used for larvae collection and worm count are available in the supplementary material.
The number of adult worms recovered at day 28 postinfection was analysed using a generalized linear model (PROC GENMOD) with a Poisson distribution of errors, a log link function, and parental age as the predictor. Faecal egg count was log-transformed and analysed using a linear mixed model (PROC MIXED) with a normal distribution of errors and with mouse identity as a random factor, and time post-infection, parental age and the interaction between the two as fixed factors. We also analysed the overall faecal egg count (log-transformed) using a general linear model with parental age as predictor (PROC GLM). Finally, to take into account the differences in worm population size, we ran a linear model (PROC GLM) where log-transformed faecal egg count at day 28 was the dependent variable and number of adult worms and parental age the two predictors. All statistical analyses were done with SAS 9.2.
Results
Parental age had a strong effect on the number of adult parasites at day 28 post-infection (F 1,18 ¼ 25.87, p , 0.0001), with almost a twofold reduction in the number of parasites from the oldest parents, compared with the youngest ones (figure 1).
Faecal egg count varied with time post-infection as a function of parental age, as shown by a statistically significant time Â parental age interaction (time post-infection: F 1,97 ¼ 8.64, p ¼ 0.0041; parental age: F 1,97 ¼ 0.18, p ¼ 0.6690; time post-infection Â parental age: F 1,97 ¼ 6.44, p ¼ 0.0128; figure 2 ). The statistically significant time post-infection Â parental age interaction indicates that the slopes between faecal egg count and time post-infection were different across parental ages. To better illustrate this, we ran four independent models (one for each parental age). The slopes relating faecal egg count to time post-infection were positive for the first three parental ages (but significantly different from zero only for age 45) and negative (but not significantly different from zero after Bonferroni correction) for the oldest parental age ( parental age
At day 28 post-infection, parental age had a strong effect on faecal egg count (F 1,18 ¼ 9.36, p ¼ 0.0068). However, this was due to differences in parasite population size, since when including the number of adult worms recovered at day 28 post-infection, the effect of parental age vanished ( parental age: figure S1 ). We also computed the total egg production up to day 28 post-infection. Parental age was negatively correlated with total egg count (F 1,17 ¼ 4.72, p ¼ 0.0443; electronic supplementary material, figure S2 ).
Discussion
Recent review papers have stressed that senescence is a widespread phenomenon across the tree of life, even though variation in the shape of the relationship between age and mortality exists among species [14] . Helminths are no exception to this general pattern, and aging has been reported in a few species of nematodes [12] ; however, the contribution to parental fitness of late-produced offspring is still unknown. Here, we found that parental age has an effect on offspring performance, in terms of infection success, and as a consequence of reduced adult population size, in terms of overall reproductive output.
Our work relies on a few assumptions: (i) the duration of the infection does not depend on host immunity; (ii) the duration of the infection accurately reflects worm age; (iii) there is no host aging; and (iv) selective disappearance of parasites does not bias estimates of senescence. We briefly discuss each of these points.
Extensive work has shown that the Th2 response is essential for immunity to H. polygyrus [15 -17] . We used very tolerant strains of mice with the lowest expression of immune-associated resistance to H. polygyrus [17] , including the production of the hallmark of Th2 response, IL-4. Therefore, we are confident that the duration of the infection in rsbl.royalsocietypublishing.org Biol. Lett. 13: 20160888 these hosts reflects intrinsic characteristics of the parasite rather that external, immune-mediated, mortality. Another potential shortcoming in the study of aging in parasitic organisms arises from secondary infections, potentially flawing the estimation of worm age. In H. polygyrus the infective stage (L3 larvae) is reached after about 4 days and eggs are released in the external environment. Larvae are very sensitive to soil moisture and previous work has shown that they fail to survive a desiccation episode [18] . In support of the idea that inter-individual transmission is not possible in this system in the lab, we maintained noninfected mice in the same cage with infected individuals and found that none became infected (see also [19] ).
A potential bias could come from a concomitant senescence of hosts as the infection goes on. In this case, poor worm offspring performance could simply be due to a 'senescing host' effect. However, at the end of the experiment, hosts were about 30 weeks old (none of them had died), which is well before the onset of senescent decline in this strain of mice [20] .
Finally, selective disappearance of parental parasites might bias the estimate of senescence [21] . Taking this into account requires tracking individuals throughout their lifespans [21] . This may be feasible for non-parasitic organisms, but it is currently not for individual worms within hosts. We can be sure, however, that selective disappearance of parental parasites arising from host mortality was not a factor because all hosts survived to 165 days.
Although the decrease in the number of adult parasites across parental age indicates a relative failure to establish a successful infection, we do not know at which stage of the worm development mortality occurred. In other terms, we do not know if failure to establish a successful infection was due to enhanced larval or early adult mortality. Further work should clarify this point. Nevertheless, the finding that egg shedding progressively declined with time for worms issued from the oldest parents, while per capita fecundity stayed constant, indicates that adult survival was reduced in this group.
The mechanisms underlying the finding that offspring of old parents have reduced performance can involve the accumulation of germ-line mutations with age [22] , or phenotypic adjustment of parental effort as age progresses [23] . Solving the dilemma between allocating to maintenance or reproduction is particularly relevant for parasites that establish chronic infections because their reproductive lifespan can be very long. Heligmosomoides polygyrus can persist for months in permissive host strains [24] , showing that, under benign environmental conditions, worm longevity is essentially determined by age-dependent deterioration of organismal functions or, in other terms, aging.
To conclude, the performance of offspring produced by aged parents has rarely been taken into account in models of life-history evolution (but see [25] ). Poor performance of late-produced offspring might impinge on parental fitness and have evolutionary consequences for the optimal schedule of age-dependent investment into reproductive effort. Data accessibility. Dryad Digital Repository, http://datadryad.org/ resource/doi:10.5061/dryad.2k11f [26] .
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